Based on electrophysiological measurements, it has been argued that the active form of cystic fibrosis transmembrane conductance regulator (CFTR) Cl -channel is a multimer. It has also been demonstrated that this multimerization is likely due to PDZ domain interacting partners. Here we demonstrate that although CFTR in vitro can self-associate into multimers, which depends on PDZbased interactions; this may not be the case in cell membrane. Using chemical cross-linking, we demonstrate that CFTR exists as a higher order complex in cell membrane. However, this higher order complex is predominantly CFTR dimers, and the PDZ interacting partners (NHERF1 and NHERF2) constitute ~2% of this complex. Interestingly, solubilizing membrane expressing CFTR in detergents such as Triton X-100, Nonidet P-40, deoxycholate, and SDS tends to destabilize the CFTR dimers and dissociate them into monomeric form. The dimerization of CFTR is tightly regulated by PKAdependent phosphorylation and does not depend on the active form of the channel. In addition, the dimerization is not influenced by either the PDZ motif or its interacting partners (NHERF1 and NHERF2). We also demonstrate that other signaling-related proteins such as G β and syntaxin 1A can be in this higher order complex of CFTR as well. Our studies provide a deeper understanding of how the CFTR assembly takes place in native cell membrane.
Introduction
glutathione-S-transferase (GST) tag, or cleave the GST portion with thrombin]. This step, which is called pair-wise binding, was done in 200 µl of lysis buffer (PBS-0.2% Triton-X-100 supplemented with a mixture of protease inhibitors containing 1 mM phenylmethylsulphonyl fluoride, 1 µg/ml aprotinin, 1 µg/ml leupeptin, 1 µg/ml pepstatin) and mixed at 22 o C for 60 min. For pair-wise binding, the protein was eluted with Laemmli sample buffer and subjected to Western blot using anti-NHERF1 or anti-NHERF2 antibodies. For multimer assembly assay, the complex was washed once with the same buffer and allowed to bind CFTR or CFTR his10 from BHK cell lysates. The binding was done at 4 o C for 3 hr with constant mixing. The complex was washed twice with lysis buffer and the amylose beads were eluted with sample buffer and subjected to Western blotting using R1104 mouse monoclonal CFTR antibody.
Pull-down Assay
Pull-down assay was performed as described before (19) . Briefly, cells were lysed with PBS-0.2% TX-100 (unless otherwise stated) supplemented with protease inhibitors. After 16,000g spinning of cell lysates, the supernatant was aliquoted, into which GST or GST fusion proteins (e.g., NHERF1, NHERF2, or syntaxin 1A C) was added. 20 µl glutathione-agarose beads (50% slurry in H 2 O) were added after mixing for 30 min at 4°C. The mixture was rotated for another 2 hr at 4°C. After 3 times washing with the same lysis buffer, the proteins were eluted from beads with sample buffer (containing 2.5% ²-mercaptoethanol). Eluates were separated on 4-15% gel, and immunoblotted with anti-CFTR
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(R1104), anti-G ² , or anti-syntaxin 1A (14D8) antibodies.
Chemical Cross-linking of CFTR Polypeptides
Cells (Calu-3 or BHK) were washed three times with prewarmed (37°C) PBS supplemented with 0.1 mM CaCl 2 and 1 mM MgCl 2 (PBS-C/M). The cells were incubated with prewarmed, freshly made cross-linkers in PBS-C/M at 37°C. Stocks were freshly prepared in DMSO for cell permeable crosslinkers and in PBS-C/M for cell impermeable cross-linkers. Control cells were treated with prewarmed PBS-C/M (no cross-linkers). Reaction was stopped by incubating cells with chilled Trisbuffered saline (pH 7.5) for 1 min on ice. Cells were washed with PBS-C/M twice for 2 min each and then lysed with RIPA buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 7.4) or PBS-0.2% Triton-X-100 supplemented with the protease inhibitors. For quantitation of CFTR and NHERF1 protein levels, Calu-3 cells were cross-linked with 1 mM DSP as above, lysed in RIPA buffer, and subjected to co-immunoprecipitation with anti-NBD-R IgG. The immunoprecipitated complex was treated with 2.5% ²ME to dissociate the cross-linked complex and resolved on 10% SDS-PAGE. Purified CFTR his10 was used as a standard to quantitate CFTR, and GST-NHERF1-PDZ2 was used as a standard to quantitate the co-immunoprecipitated NHERF1 as described previously (20).
Immunoblotting and Co-immunoprecipitation
Cells were cross-linked with DSP or DFDNB for 10 min at 37°C, and then lysed with RIPA buffer (+
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protease inhibitors) on ice for 20 min. The cell lysates were rocked for 30 min at 4°C, and the insoluble material was removed by centrifugation at 16,000g, 15 min at 4°C. Protein concentration of the cell lysates was determined by the bicinchoninic assay (Pierce). For co-immunoprecipitation, CFTR polyclonal antibody (anti-NBD-R IgG, 1.0 µg) was cross-linked to 20 µl of protein A/G agarose (Santa Cruz Biotech, Santa Cruz, CA) as described before (5). The supernatant was incubated and mixed with the cross-linked beads overnight at 4°C. The beads were washed 3 times with RIPA buffer before the immunoprecipitated proteins were eluted with sample buffer containing 2.5% ²-mercaptoethanol (²-ME). The immunoprecipitated proteins were then separated on 4-15% gel and blotted using monoclonal NHERF1 antibody. For immunoblotting, cell lysates were separated on SDS-PAGE (5% gel for cross-linking experiments, 4-15% gel for other experiments), transferred to polyvinylidene difluoride membranes, and immunoblotted for CFTR, NHERF1, NHERF2, G ² , syntaxin 1A, or HA-tag using specific antibodies in combination with HRP-conjugated anti-mouse IgG or HRP-conjugated anti-rabbit IgG antibodies. The immunoreactive bands were visualized by ECL method (Amersham Biosciences)
Colocalization and Quantitation of CFTR and NHERF1
Fully polarized monolayers of calu-3 cells were cross-linked with 1.0 mM DSP at 37°C for 10 min.
Next the cells were biotinylated apically by using 0.5 mg/ml sulfo-NHS-LC-biotin at 4°C for 30 min as described before (5). Monolayers from 12 permeable supports (24mm diameter) were scraped off and homogenized, and the plasma membrane was separated on a sucrose cushion by
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ultracentrifugation as described below (see plasma membrane preparation). Streptavidin agarose beads (100 µl) were used to capture the biotinylated membranes and the membranes were subjected to immunoprecipitation using anti-NBD-R IgG. The immunoprecipitated complex was treated with 2.5% ²ME to dissociate the cross-linked complex and resolved on 10% SDS-PAGE. The relative amount of CFTR and NHERF1 in the biotinylated plasma membrane was estimated using purified CFTR his10 and GST-NHERF1-PDZ2 as standards described above.
Purification of Cross-linked His-tagged CFTR and HA-tagged CFTR
BHK-CFTR his10 cells were incubated with 1 mM DSP for 10 min at 37°C and lysed in RIPA buffer. CFTR his10 was purified using 50 µl Talon beads (BD-Bioscience) for 30 min at 4°C, and washed three times with the same buffer. The protein was eluted from beads with 100 mM imidazole containing 0.2% Triton-X-100 and subjected to 5% SDS-PAGE followed by immunoblotting using R1104 antibody. For purification of co-expressed His-tagged and HA-tagged CFTR, BHK-CFTR his10 and BHK parental cells were transiently transfected with HA-tagged CFTR as described (5). The cells were lysed in RIPA buffer, purified using Talon beads, and eluted with imidazole as above. The eluted protein was resolved on 5% gel and immunoblotted with anti-HA tag antibody.
Cross-linking and Biotinylation of Cell Surface CFTR
Calu-3 cells were cross-linked with 1 mM DSP or DFDNB as described above. Cell-surface
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biotinylation of glycoproteins was performed as previously described (22). Briefly, after cross-linking, the cells were incubated with 10 mM sodium m-periodate in PBS-C/M at 4 o C in the dark for 60 min.
After two washings with PBS-C/M and once with 100 mM sodium acetate containing 0.1 mM CaCl 2 and 1 mM MgCl 2 (NaAc-C/M, pH 5.5), cells were surface-biotinylated with 0.5 mg/ml biotin-xxhydrazide (in NaAc-C/M) at 4 o C in the dark for another 60 min. The cells were rinsed twice with PBS-C/M and lysed in RIPA buffer. CFTR was immunoprecipitated using anti-NBD-R IgG and subjected to 5% SDS-PAGE. The blot was first probed using streptavidin-HRP (0.2 µg/ml), and the same blot was stripped and reprobed for CFTR (R1104).
Velocity Gradient Centrifugation
Sucrose gradient sedimentation was performed according to published protocols (10). Briefly, Calu-3 cells were incubated with or without pre-warmed 1 mM DSP or DFDNB in PBS-C/M at 37°C for 10 min. Cells were scraped into homogenization buffer: 250 mM sucrose, 20 mM HEPES, 1 mM EDTA, pH7.4, supplemented with a protease inhibitor mixture, and then subjected to 20 strokes in a tightfitting Pyrex-homogenizer. Homogenates were centrifuged first at 6500g for 5 min, and microsomal membranes were then pelleted by centrifugation of the post-nuclear supernatant at 100,000g for 20 min. Membranes were solubilized in 1 ml of PBS-0.2% Triton X-100 or RIPA buffer supplemented with protease inhibitors and mixed for 10 min at 4°C. 1 ml of membrane extract was layered out on top of an 11-ml linear, continuous 10-36% sucrose gradient containing the respective detergent buffers.
The sucrose gradient was formed by a gradient former (Bio-Rad) and layered from the bottom to the
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top using a peristaltic pump (Pharmacia Biotech). Following centrifugation at 260,000g in a SW41 Ti rotor for 12 hr, twenty-four 500-µl fractions were collected from the bottom, resolved on SDS-PAGE and blotted with CFTR monoclonal antibody R1104. The sedimentation of molecular weight standards (Bio-Rad) containing thyroglobulin (670 kDa), bovine gamma globulin (158 kDa), chicken ovalbumin (44 kDa), equine myoglobin (17 kDa) was performed as above after dilution in 1 ml of PBS-0.2% Triton X-100 or RIPA buffer. Twenty-four 500-µl fractions were collected, resolved on 4-15% SDS-PAGE and stained with GelCode Blue Stain reagent (Pierce). The sucrose concentration of each fraction was determined by a handheld 0-10 o Brix refractometer (Fisher) after a 1:3 sample dilution.
Preparation of Plasma Membrane and Other Subcellular Fractions
Plasma membrane and other subcellular fractions were prepared according to previously described methods (23). In brief, cells were homogenized in buffer A (20 mM HEPES, pH 7.4, 1 mM EDTA, 250 mM sucrose, 1 mM DTT, and protease inhibitors) and centrifuged at 16,000g for 15 min. The pellet was suspended in buffer B (20 mM HEPES, pH 7.4, 1 mM EDTA, and protease inhibitors), applied on 1.16 M sucrose cushion in buffer B, and centrifuged at 100,000g for 1 hr. Plasma membrane appeared as a white band on top of the cushion that was diluted in buffer B and pelleted at 16,000g and resuspended in buffer A. Supernatant of post-16,000g homogenate was centrifuged at 40,000g and the resulting supernatant was further centrifuged at 200,000g. The pellet was suspended in buffer A and, and the 200,000g supernatant was considered the cytosolic fraction.
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Short-circuit Current (I sc ) Measurements
Calu-3 and HT29-CL19A polarized cell monolayers were grown to confluency on Costar Transwell permeable supports. Filters were cross-linked with 0.5 mM DSP and then mounted in an Ussing chamber, and short-cirsuit current (I sc ) measurement was carried out as described previously (24). 
2-Dimensional Gel Electrophoresis
2-dimensional gel electrophoresis was performed according to manufacturer's instruction (Bio-Rad).
Briefly, Calu-3 cells were cross-linked with 1 mM DSP as above, followed by lysis with RIPA buffer. reached. The strips were equilibrated for 10 min in a solution containing 6 M urea, 3% SDS, 375 mM Tris-HCl (pH 8.6), 30% v/v glycerol, 2% w/v DTT. A second equilibration step was carried out for another 10 min in the same solution containing 3% w/v iodoacetamide instead of DTT. The proteins in the strip were separated in a 10% polyacrylamide gel, and immunoblotted with affinity-purified anti-G β IgG or anti-syntaxin 1A IgG (14D8). Molecular marker gel was stained with GelCode Blue Stain reagent (Pierce) and images were acquired and analyzed with Quantity One (Bio-Rad).
Other Methods and Data analysis
Iodide efflux was performed as described before (25). Results are given as mean ± SEM for indicated number of experiments. Curve generation was carried out using Origin Software (Northampton, MA).
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PDZ Motif-based Interaction is not Essential for Dimerization of CFTR Polypeptides
To investigate whether dimerization of CFTR proteins requires C-tail PDZ motif, we treated BHK-CFTR and BHK-CFTR his10 cells with cross-linkers. We found no significant difference between the dimerization kinetics of BHK-CFTR cells and BHK-CFTR his10 cells treated with DSP at various concentrations (Fig. 7A) , indicating that the CFTR dimerization is C-tail PDZ motif independent, namely, NHERF1-independent. We demonstrated that the CFTR his10 cannot interact with NHERF2 using pull-down assay (Fig. 7B) . COS-7 cells were transiently transfected with pcDNA3-WT-CFTR and pcDNA3-TRL-CFTR using Lipofectamine 2000 (Invitrogen) as described before (5). Deletion of the PDZ binding motif of CFTR (last 3 amino acids and is referred to as TRL-CFTR) eliminated the physical interaction between CFTR and NHERF1 as demonstrated by pull-down assay (Fig. 7C), suggesting that the PDZ motif of CFTR is essential for the physical interaction between CFTR and NHERF1. Cross-linking patterns between WT-CFTR and TRL-CFTR was very similar and did not show any significant difference in response to 0.5 and 1.0 mM DSP at 37°C for 10 min (Fig. 7D) . Both BHK-CFTR and BHK-CFTR his10 cells transiently transfected with NHERF1 (or NHERF2, data not shown) did not show any significant differences in the dimerization kinetics. A representative blot is shown in Fig. 7E , where BHK-CFTR cells with or without over-expressing NHERF1 were crosslinked with varying concentrations of DSP, and showed the similar pattern in cross-linking complex.
The NHERF1 expression is shown in the bottom panel (Fig. 7E) . We also co-immunoprecipitated lysates from BHK-CFTR and BHK-CFTR his10 cells both transiently transfected with NHERF1 and
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subjected them to Western blotting and found that the protein interactions were indeed occurring in the BHK-CFTR cells (Fig. 7F, left bottom panel) but not in the BHK-CFTR his10 cells (Fig. 7F, right bottom panel) after cross-linking with 0.5 mM DSP. These results, together with the dimerization of purified CFTR his10 as shown in Fig. 3C , clearly demonstrate that although NHERF1 and 2 can be in a complex with CFTR, they are not likely to contribute to the dimerization of the channel.
G β and Syntaxin 1A are also Parts of the Multimer Complex of CFTR Polypeptides
Given that CFTR exists mostly as a dimer and a very small portion of this complex is NHERF (<2%), it is of interest to identify functionally relevant proteins that could be associated with this complex.
Previously, we demonstrated that CFTR can be in a complex with β 2 AR via NHERF1-mediated interaction (5). Since ² 2 AR can be in the complex, some obvious candidates include the G-protein signaling components. We therefore over-expressed ² 2 AR in Cos-7 cells, lysed the cells in PBS-0.2% Triton-X-100, and subjected them to pull-down using GST or GST-NHERF1 (1 µM). Bound proteins were subjected to Western blot analysis using affinity-purified G-protein ² subunit (G β ) IgG.
As shown in Fig. 8A (right panel) , the amount of G β subunit associated with GST-NHERF1 increased following over-expression of ² 2 AR, suggesting a physical association with the complex presumably mediated through ² 2 AR. The inputs are shown in the left panel (Fig. 8A) . By performing twodimensional electrophoresis of the cross-linked CFTR immunoprecipitate from Calu-3 cells, we
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further confirmed that G β can be in the complex of CFTR (Fig. 8B, lower panel) . We detected an immunoreactive band of approximately pI 5.6 and molecular weight of 37 kDa. Non-immune IgG was used as control and is shown in the upper panel of Fig. 8B . We demonstrated previously that syntaxin 1A, a SNARE protein essential for the docking and fusion of exocytotic vesicles, binds to the Nterminal tail of CFTR and down-regulates CFTR function (34). It was therefore of interest to determine whether this SNARE protein could be associated with the CFTR multimer complex.
Syntaxin 1A C (deletion of the C-terminal membrane anchor) binds directly to CFTR and CFTR his10 with similar affinities (Fig. 8C) , suggesting that the amino terminal tail of CFTR is essential for the protein-protein interaction and not the C-tail (18). Syntaxin 1A was transiently expressed in BHK-CFTR or BHK-CFTR his10 cells. The cells were lysed and subjected to pull-down using GST-NHERF1 as bait. As shown in Fig. 8D , GST-NHERF1 could pull down CFTR and syntaxin 1A simultaneously if the PDZ motif was intact, suggesting that syntaxin 1A can interact with both CFTR and indirectly GST-NHERF1. Syntaxin 1A, however, was not pulled down by GST-NHERF1 when associated with CFTR his10 . The inputs are shown in the right panel (Fig. 8D) . Although the opposing tails of CFTR bind distinct proteins, our studies demonstrate that these proteins can co-exist in a macromolecular complex. Using 2-dimensional gel electrophoresis, we further showed syntaxin 1A (~pI 5.1; ~33 kDa) can be co-immunoprecipitated with CFTR in a cross-linked complex (Fig. 8E) .
We have not quantitated the relative stoichiometry of G ² and syntaxin 1A in the CFTR multimer complex.
In summary, based on our studies and published data, we here hypothesize the following. 
Li et al. proteins were solubilized with sample buffer in the absence (left) or presence (right) of 2.5% ²-mercaptoethanol (²ME) before immunoblotting for CFTR (R1104). C, GST-NHERF1 binding to the CFTR in PBS-0.2% Triton-X-100 buffer or RIPA buffer. BHK-CFTR cells were lysed with PBS-0.2%TX-100 or RIPA buffer, subjected to pull-down using GST-NHERF1, and immunoblotted with anti-CFTR antibody (R1104). D, BHK-CFTR cells over-expressing NHERF1 were cross-linked with
Figure Legends
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different concentrations of DSP. The cells were lysed in RIPA buffer and co-immunoprecipitated using ±-NBD-R IgG as described before (19). The immunoprecipitated proteins were then subjected to SDS-PAGE, and the membrane was cut and blotted for CFTR (R1104, upper panel) and NHERF1
(±-NHERF1 mab, bottom panel), respectively. E, colocalization of CFTR and NHERF1 in apical membranes of polarized Calu-3 cells (see Experimental Procedures for details). F, stoichiometry of CFTR : NHERF1 in the complex. Calu-3 cells were cross-linked with 1 mM DSP and subjected to co-immunoprecipitation using ±-NBD-R IgG. The immunoprecipitated complex was treated with 2.5% ²ME to dissociate the cross-linked complex and dissolved on 10% SDS-PAGE. Purified 
